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Abstract
Production of spin 1/2 fermions and gravitinos by the standard
mechanism of amplification of quantum fluctuations during the dilaton-
driven inflation phase in models of string cosmology is highly sup-
pressed. Constraints on string cosmology models from gravitational
production of gravitinos, contrary to expectations, are similar to con-
straints on other models.
1 Introduction
It is well known that particles are produced in cosmological backgrounds by
amplification of vacuum fluctuations during inflationary epochs [1]. In mod-
els of string cosmology [2, 3], most of the produced particle spectra were found
to be very different from the spectra in other cosmological models. First, in
string cosmology models, gravitational waves may be generated in a substan-
tial amount, in contrast to slow-roll inflation which predicts a “desert”[4, 5].
Furthermore, axions and other scalar particles have phenomenologically in-
teresting spectra [6-10]. Finally, it is important to note that in addition to
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scalar particles and gravitational waves, photons can be produced [11, 12].
In general relativity, gauge field perturbations are not amplified in confor-
mally flat cosmological backgrounds (even if inflationary) because of the scale
invariant coupling of gauge fields in four dimensions. However, in string cos-
mology, the presence of a time-dependent dilaton prefactor in front of the
gauge-field kinetic term breaks scale invariance and results in photon pro-
duction which may even lead to the creation of macroscopic magnetic fields
[11, 12].
We study fermion production by the standard amplification of quantum
fluctuation in models of string cosmology. Although expectations were that
fermions are copiously produced, we have found that production of spin 1/2
and spin 3/2 fermions in models of string cosmology during the dilaton-driven
inflationary (DDI) phase is highly suppressed.
It is known that massless spin 1/2 fermions are not amplified in con-
formally flat cosmological backgrounds [13]. This is a consequence of their
conformally invariant interactions. We show that in models of string cosmol-
ogy the presence of a time-dependent dilaton prefactor in front of the fermion
kinetic term does not result in amplification of fermionic perturbations. The
spin-3/2 gravitino, the supersymmetric partner of the graviton, can be pro-
duced in conformally flat cosmological backgrounds, since gravitinos do not
have conformally invariant couplings. It was recently shown that if graviti-
nos have vanishing zero-temperature, flat background mass, then they are
not produced [14-18]. We show that, in models of string cosmology, the ap-
pearance of the dilaton prefactor in front of the gravitino kinetic terms does
not result in amplification of massless gravitino perturbations, and therefore
that gravitino production during DDI is negligible.
We consider fermion production in models of string cosmology which real-
ize the pre-big-bang scenario [2]. In this scenario the evolution of the universe
starts from a state of very small curvature and coupling and then undergoes
a long phase of DDI and at some later time smoothly joins standard radia-
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tion dominated (RD) cosmological evolution, thus giving rise to a singularity
free inflationary cosmology. Particles are produced during the period of DDI
by the standard mechanism of amplification of quantum fluctuations. We
assume throughout an isotropic and homogeneous four dimensional flat uni-
verse, described by a FRW metric. As in [7], the mass of the fermions is
assumed to vanish in the early universe, i.e. in the dilaton driven period,
and to take a nonzero value from the start of the RD era and on. All fields,
except the dilaton and metric, are assumed to have a trivial vacuum expec-
tation value during the inflationary phase.
Fermion production, and in particular gravitino production, has the po-
tential of placing severe constraints on models of string cosmology. If it
turned out that gravitinos are maximally produced during DDI as gravitons
are (a reasonable assumption) then after supersymmetry is broken, graviti-
nos can become by far the dominant energy component in the universe. The
universe would become matter dominated very early, and the resulting cos-
mology will be very different than the standard RD cosmology. The issue
of gravitino production during the evolution following the DDI phase is still
unresolved, and we do not discuss thermal production which may turn out
to put tight constraints on models of string cosmology, as it does for other
models of inflation.
2 Spin 1/2 fermions
We show here that massless spin 1/2 particles are not produced during DDI in
models of string cosmology. We first explicitly show using their equations of
motion that they are not produced, and then show that they are not produced
even for a space and time dependent dilaton by showing that the low energy
string effective action of massless spin 1/2 fermions can be transformed into
a conformally invariant action.
In the low energy effective action, a dilaton prefactor appears in front of
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the kinetic term,
A =
∫
d4x
√−gelφ
{
i
2
[
ψ¯γ̂µDµψ −
(
Dµψ¯
)
γ̂µψ
]
−Mψ¯ψ
}
. (1)
Greek letters denote space-time indices and Latin letters denote tangent-
space indices. Gamma matrices and the group generators for spin 1/2 irre-
ducible representations with curved indices are defined by
γ̂µ = eµa(x)γ
a, Σ̂λν = Σabeλae
ν
b (2)
where eµα is the vierbein. Dµ is the covariant derivative with respect to the
spinorial structure
Dµ = ∂µ + Γµ = ∂µ +
1
2
gλδΓ
δ
νµΣ̂
λν . (3)
Fermions have l = −1, but we keep parameter l general, since our results do
not depend on its specific value.
Variation of the action with respect to ψ¯ yields the Dirac equation,
iγ̂µDµψ −Mψ + i
2
lγ̂µ∂µφψ = 0. (4)
In the simplified model of background evolution we adopt, the evolution
of the universe is described by (conformal) time dependent dilaton φ(η) and a
spatially flat FRW metric, in which the line element can be written as d2s =
a2(η) (d2η − d2~x) . Here ~x = (x1, x2, x3) are comoving space coordinates and
x0 ≡ η is the conformal time. Thus, the vierbein can be written as eaµ = aδaµ,
eµa = a
−1δµa . In this case, the equation of motion (4) reduces to
γa∂aψ +
1
2
a′
a
~γ~Σψ + iMaψ ++
l
2
∂0φγ
0ψ = 0, (5)
where ~Σ = (Σ01,Σ02,Σ03). Choosing a gamma-matrix representation such
that
γ0 =
(
I 0
0 −I
)
;~γ =
(
0 ~σ
−~σ 0
)
, (6)
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the field ψ satisfies the following equations of motion(
∂0 + iMa +
l
2
∂0φ+
3
2
a′
a
)
ψ1 + σ
i∂iψ2 = 0 (7)(
∂0 − iMa + l
2
∂0φ+
3
2
a′
a
)
ψ2 + σ
i∂iψ1 = 0.
Introducing the field χ,
ψ(η, ~x) = a−3/2e−
l
2
φχ(η, ~x), (8)
equations (7) reduce to
(∂0 + iMa)χ1 + σ
i∂iχ2 = 0 (9)
(∂0 − iMa)χ2 + σi∂iχ1 = 0. (10)
Substituting (9) into (10) and vice-versa, and writing χ as χ(η, ~x) = χ(η)eikx,
we arrive at (
∂20 + k
2 +M2a2 ± iMa
) ( χ1
χ2
)
= 0. (11)
Finally, the equation of massless spin 1/2 fermions is reduced to the equation
in flat space-time and therefore these particles are not produced.
Let us turn now to the massless low energy effective action of spin 1/2
particles and show that it is conformally invariant, even for a space and time
dependent dilaton and scale factor. Under the conformal transformation
gµν → g˜µν = Ω2gµν , (12)
vierbeins, gamma matrices and covariant derivatives transforms as follows,
eµa → e˜µa = Ωeµa
γ̂µ → ˜̂γµ = Ωγ̂µ
Dµ → D˜µ = Dµ + 1
2
Σabeνagρνe
ρ
b
∂
∂xµ
(lnΩ) ,
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and ψ transform as follows
elφ(x) → elφ˜(x) = ϕ (x) elφ(x)
ψ → ψ˜ = Ω3/2(x)ϕ−1/2 (x)ψ.
The low energy effective action of massless spin 1/2 particles (1) transforms
into
A → A˜ =
∫
d4x
√
−g˜elφ˜1
2
i
[ ¯˜
ψ ˜̂γµD˜µψ˜ − (D˜µ ¯˜ψ) ˜̂γµψ˜] = (13)∫
d4x
√−gelφ
[
1
2
i
(
ψ¯γ̂µDµψ − (Dµψ¯)γ̂µψ
)]
+
∫
d4x
√−gelφ
[
1
4
iψ¯
(
γ̂µΣab − Σabγ̂µ
)
ψeνagρνe
ρ
b
∂
∂xµ
(lnΩ)
]
.
Since γ̂µΣab − Σabγ̂µ is antisymmetric in (a, b) and eνagρνeρb is symmetric in
(a, b), it follows that (
γ̂µΣab − Σabγ̂µ
)
eνagρνe
ρ
b = 0.
Thus, the low energy effective action (1) is conformally invariant in the mass-
less limit. In other words, fluctuations of massless spin 1/2 fermions are not
amplified in a conformally flat background, even if inflationary, in agreement
with our previous calculation.
Action (1) is valid during the DDI period, and since the fermions are
assumed to be massless during that period they are not produced. Following
that period, during the string phase, fermions are assumed massless, and
it seems reasonable to assume that the fermions are not produced during
the string phase as well (but see below), if so they may be produced only
during the RD and MD epochs, by thermal and non-thermal production.
Since in the RD and MD era the dilaton is assumed to be fixed and constant,
we conclude that the spectra of the produced spin 1/2 particles in string
cosmology models are similar to those in other models, and therefore the
cosmological constraints and observable features are common.
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3 Gravitinos - spin 3/2 fermions
In this section we show that the appearance of a time-dependent dilaton
prefactor in the low energy effective action does not change the amplification
of fluctuation of massless gravitinos. Before studying the properties of the
action, it is useful to recall a few known facts about gravitinos in conformally
flat cosmological backgrounds.
Massive gravitinos in conformally flat space time are described by four
Majorana spinors ψµ, satisfying the equations [15, 16][
iγ0∂0 + i
5a˙
2a
γ0 −ma+ kγ3
]
ψ3/2 = 0,[
iγ0∂0 + i
5a˙
2a
γ0 −ma+ k
(
A+ iBγ0
)
γ3
]
ψ1/2 = 0, (14)
A =
1
3
(
a˙2
a4
+m2
)2
[
2
a¨
a3
(
m2 − a˙
2
a4
)
+
a˙4
a8
− 4m2 a˙
2
a4
+ 3m4 − 4 a˙
a3
m˙m
]
B =
2m
3
(
a˙2
a4
+m2
)2
[
2
a¨a˙
a5
− a˙
3
a6
+ 3m2
a˙
a2
+
m˙
ma
(
m2 − a˙
2
a4
)]
.
Here ψ1/2 and ψ3/2 are defined such that
ψ0 =
√
2
3
c γ̂3 d γ̂1 ψ1/2 (15)
ψ1 =
1√
6
ψ1/2 +
1√
2
ψ3/2 (16)
ψ2 = γ̂2γ̂1
(
1√
6
ψ1/2 −
1√
2
ψ3/2
)
(17)
ψ3 =
√
2
3
(
d− γ̂3
)
γ̂1 ψ1/2 (18)
and
c =
1
3a
(
a˙2
a4
+m2
) [(−2 a¨
a3
+
a˙2
a4
− 3m2
)
γ0 + 2i
m˙
a
]
(19)
d =
|~k|
a2
(
a˙2
a4
+m2
) (i a˙
a2
γ0 +m
)
, (20)
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and ~k = (0, 0, k). The fields ψ1/2 and ψ3/2 correspond to the ±1/2 and ±3/2
helicity states in the flat limit.
In the massless limit, the field equation of motion in (14) becomes[
iγ0∂0 + i
5a˙
2a
γ0 + kγ3
]
ψ3/2 = 0[
iγ0∂0 + i
5a˙
2a
γ0 + k
(
A + iBγ0
)
γ3
]
ψ1/2 = 0, (21)
A =
1
3
[
−2 a¨
a˙
a
a˙
+ 1
]
B = 0.
The pre-big bang model suggests that the evolution of the scale factor
a(η) is a power dependent function, i.e.,
a = as
(
η
ηs
)α
. (22)
In this case, A becomes a constant; i.e., A = (2− α) /3α, and eqs. (21)
become: [
iγ0∂0 + i
5a˙
2a
γ0 + kγ3
]
ψ3/2 = 0 (23)[
iγ0∂0 + i
5a˙
2a
γ0 + k¯γ3
]
ψ1/2 = 0,
where k¯ =
(
2−α
3α
)
k. As for spin 1/2 particles, one can reduce eqs. (23) to the
field eqs. of motion in flat space-time with a suitable transformation. Thus,
massless gravitino fluctuation are not amplified in a “power low” expanding
universe and no production of gravitinos occurs during the DDI phase.
Next, we show that the low limit effective action of a massless gravitino
can be transformed to the action of massless gravitino in standard super-
gravity, even for a space and time dependent dilaton background.
The low energy effective action of the gravitino in string theory is the
following,
A =
∫
d4xelφǫµνρσψ¯µγ5γ̂νDρψσ + h.c., (24)
8
where
Dµ = ∂µ +
1
2
ωµabσ
ab, (25)
ωµab =
1
2
(−Cµab + Cabµ + Cbµa) , (26)
Caµν = ∂µe
a
ν − ∂νeaµ −
1
2M2P
ψ¯µγ
aψν ∼ ∂µeaν − ∂νeaµ. (27)
Using the transformation ψσ = e
−lφ/2ψ˜σ, action (24) becomes∫
d4x
[
−1
2
lǫµνρσψ˜µγ5γ̂νψ˜σ∂ρφ+ ǫ
µνρσψ˜µγ5γ̂νDρψ˜σ
]
+ h.c. . (28)
The first term in (28) is canceled by its hermitian conjugate since using
γ0 [γ5γ̂ν ]
+ γ0 = γ5γ̂ν ,[
ǫµνρσψ¯µγ5γ̂νψσ∂ρφ
]†
= −ǫµνρσψ¯µγ5γ̂νψσ∂ρφ. (29)
Thus,∫
d4xelφǫµνρσψ¯µγ5γ̂νDρψσ + h.c.→
∫
d4xǫµνρσψ¯µγ5γ̂νDρψσ + h.c. (30)
when ψσ → e−lφ/2ψσ, showing that gravitinos are not produced during the
DDI phase, since, as we recall from eq.(23), there is no production of massless
gravitino, and therefore, they will not be produced in string cosmology, as
well.
The mass of the gravitino is assumed to vanish in the early universe, i.e.
in the DDI period, and then to take a nonzero value after the start of the
RD era when supersymmetry is broken. Thus, using the same argument
that we have used for spin 1/2 particles, we conclude that gravitinos can get
produced only during the subsequent RD and MD era.
4 Summary and Conclusions
We have studied fermion production during DDI in string cosmology models,
and found that massless spin 1/2 fermions and gravitinos are not produced.
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This unexpected result can be contrasted with boson production. In partic-
ular, naive expectations would be that gravitinos are copiously produced. In
general, bosons have different spectra in string cosmology and in standard
slow-roll models, but this is not the case for fermions. Spin 1/2 particles
preserves their conformal invariance, and are not produced during the DDI.
They can be produced from the start of RD era and on, by thermal and non-
thermal production, as in other cosmological models. Similarly, although the
action of spin 3/2 particles is not conformally invariant, it is invariant, in
the massless limit, under ”rescaling”. Thus, assuming massless gravitinos in
the early universe, spin 3/2 particles have the same spectrum in string and
standard cosmology.
Our results have a limitation; we have neglected production of fermions
during the string phase. As mentioned before, the string phase is a high-
curvature phase of otherwise unknown properties. Usually, one could over-
come lack of knowledge of string phase evolution by using the fact that
fluctuations of fields are frozen when their wavelength is much larger than
the curvature scale during the string phase. However, fermions seem to never
freeze. Thus the unknown properties of the string phase may be important
for fermions production. This is a puzzling issue which we do not understand.
Causality requires that amplitudes of waves whose wavelength is larger than
the cosmological horizon be constant, but fermions seem to evade this re-
quirement, since they do not seem to feel the cosmological horizon.
Finally, we note that our results may hold for more general string models.
In this paper, as well as previous ones, we have assumed that the dilaton
depends only on time. However the conformal invariance of the massless
spin 1/2 action in the low energy effective string action is preserved also
for a space and time dependent dilaton. As a matter of fact it is easy to
eliminate a space and time dependent dilaton from the actions of spin 1/2
and spin 3/2 fermions. Thus our results are valid even in string cosmology
models that involve a space and time dependent dilaton background.
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